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 Membrane processes are increasingly used in drinking water treatment to meet 
more stringent water quality regulations. Ultrafiltration (UF) has been widely used for 
advanced water treatment to remove colloidal particles, pathogens, and some natural 
organic matter (NOM).  However, due to large pore sizes, UF alone cannot remove the 
majority of NOM which can lead to disinfection by-products during the chlorination 
process. In the laboratory, a negatively charged membrane was used to increase the 
removal rate of NOM through the utilization of electrostatic interactions. The objective of 
this study was to investigate the effects of NOM hydrophobicity and hydrophilic 
properties on the performance of the UF process using membranes of different charges 
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 1.0 Introduction 
 Clean (potable) drinking water is a basic human right. Developing potable water 
is an increasingly important topic as the world’s knowledge of what exists within our 
water and the technology that can be utilized for the removal of hazardous matter 
develops. One problem that we consistently face is the ability to develop technology that 
is both powerful in adequately removing unwanted constituents while also making it 
feasible and affordable for developing and transitioning countries, the countries where 
resources are limited and where the technology is needed most.  
 This paper will focus on the technology of ultrafiltration. The prospect of this 
particular water treatment process is promising. It is a technology that can replace a 
multiple step treatment processes by saving space, equipment needs, and in the end cost. 
There are issues with this technology. The primary issue is the efficiency of the 
membrane to filter out natural organic matter.  This paper will research a possible way to 
diminish the harmful effects that natural organic matter can have on water quality and 
then will focus on the potential effects the NOM can have on the membrane itself. The 
particular concern with the membrane is its ability to receive permanent damage from 
matter causing blockage within the membrane pores. This is known as fouling.  
 Theoretically, by applying a negative charge to the membrane, we should be able 
to effectively remove and prevent the problems that organic matter once caused. If this 
theory is proven to be successful, then new steps can be taken to developing this lab scale 
discovery into a process design that could move the world further towards achieving that 
basic human right that everyone deserves. 
1.1 Project Outline 
 The goal of this project was to study ultrafiltration effects from membranes with 
and without charges. This study was broken up into several different parts. First was the 
water samples that were used. The focus of this experiment was around NOM since that 
is the contaminant that caused the most damage in filtration. For the study of NOM the 
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research was broken into three parts consisting of raw water, hydrophilic water, and 
hydrophobic water. Next, for each of the water samples two membranes were tested. First 
a regular membrane, also referred to as a non-modified membrane, was used. Then while 
those were running through tests the other three membranes were being subjected to a 
chemical solution. This solution applied a charge to the membrane, which were then 
referred to as modified membranes. This was done to determine how a charge would 
affect the product or permeate water concentrations of different types of natural organic 
matter.  
 Each membrane had a series of different tests applied to it. These were broken up 
into the following measurements: the membrane hydraulic permeability, the initial flux, 
the flux during ultrafiltration, the rejection rate, and finally the electric potential of the 
modified membranes.  
 The membrane hydraulic permeability, LP, is a measurement of the flux of the 
membrane using un-tampered water sample versus a range of pressures. This water will 
be referred to as ultrapure water. The flux is defined as the amount of fluid that flows 
through a unit area per unit time. The LP was measured to gain an understanding of what 
is happening to the membrane during different stages of the filtration process. In the end 
this will be one of the best indicators for any permanent fouling that may occur due to 
NOM. The stages where this value is measured include the new membrane, after 
modification, pre-adsorption, after filtration, and after cleaning. The new membrane step 
is the measurement taken immediately after the membrane is removed from its packaging 
and rinsed with ultrapure water. Next, the after modification step is the measurement for 
only the modified membranes. After we rinse the new membranes with ultrapure water, 
the membranes that are to have a negative charge are soaked in a chemical reagent for a 
selected amount of time. Once that is complete we again rinse it with ultrapure water and 
then measure the LP at this stage of the process. Both the non-modified and modified 
membranes then need to soak in the water sample for 24 hours prior to the ultrafiltration 
test run. The pre-adsorption step is measured immediately before filtration begins and 
then after filtration step immediately after. Finally, the membrane is treated with both a 
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physical and chemical rinse, after which the LP is measured for the final time. This step is 
referred to the after cleaning step.   
 Another unit of measure that was made was the initial flux. This is the 
measurement of the initial flux of ultrapure water at the set pressure of the experiment, 
0.69 mega-Pascal (MPa). This pressure was chosen based off of previous experiments ran 
within the laboratory that determined that this was the optimum pressure for the selected 
membrane type. The membrane was a Regenerated Cellulous (RC) Membrane with a 25 
millimeter (mm) diameter and a nominal molecular weight cut off limit (NMWL) of 
30,000 (30 KD). This measurement was made before the LP for each step of each 
membrane and provides similar insight as the LP does. 
 The flux was again measured during the physical filtration process through a 
series of timed sample collections. This measurement allows a view into how the flux 
changes over a period of two hours. The time of two hours was chosen on the basis that 
typically after two hours the system reaches a steady state and any changes in flux would 
be minimal beyond that time. 
 From this a conclusion about the efficiency of the water filter was made. 
Additionally, a conclusion from the fouling of the filter was also made. Once both 
conclusions were drawn, a final design for a water treatment facility incorporating the 
new filtration technique was made. 
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2.0 Background 
 Water is essential to human life. Without it, we cannot survive and too many 
people currently do without. Each year more than five million people die from water 
related diseases [26]. More specifically, every 15 seconds a child dies from water borne 
diseases [3] and for children under five years of age, water related diseases are the 
leading cause of death [9]. There is no doubt of the value of a clean water source and the 
importance of potable water when it comes to saving lives. Furthermore, there are many 
social benefits related to clean drinking water. Access to safe drinking water has been 
shown through case studies to not just improve health but also enhance gender equality, 
promote sustainable development and alleviate poverty [15]. Although water is not the 
end all solution for the health and social issues that plague our world as a whole, it clearly 
has the ability to ease many of the problems that face us as we begin to develop as a 
world through the new millennium.  
 This paper will focus on the technology of filtration. However, before reviewing 
the experiment and its results, it is important to understand all of the elements that affect 
drinking water. These elements include the water to be treated and the technology used to 
treat it.  
 In 1984 an organization known as the World health Organization (WHO), filled 
with experts from around the world, developed guidelines to serve as a basis for water 
regulation standards for all countries across the world, particularly those countries whom 
didn’t have the necessary resources required to gather and assess data involved with 
water treatment [36]. A full table of these standards can be seen in Appendix A. This was 
one of the first times the world united in terms of developing universal drinking water 
standards. This was a giant step towards establishing clean water as a topic of global 
importance and since then, the value of potable water has never left the top of that list. 
This project was done in collaboration between two universities, one from the United 
States and the other China. This collaboration between countries is crucial when the most 
likely leaders of this developing technology in the coming years is brought into 
perspective. 
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 With large populations and financial wealth both China and the United States are 
countries that will have a major influence in politics and the direction of developing 
technology. There is little to no contest when it comes to comparing population figures of 
China to the United States and to the rest of the world. With a population of 1.322 billion 
people, China beats the U.S. by having well over more than four times the amount of 
people within its borders [9]. They are the country with the world’s largest population 
[30]. By shear mass alone China holds such an important influence. Furthermore, the 
more people they have the more clean water is required to sustain their population and 
save their citizens. In the cities and urban areas, China has a set of improved water source 
(in percent of population in 2002) of 92 percent. This is a reasonable value, however, 
when that measurement is looked at in the rural regions of the country, the number drops 
down dramatically to 68 percent while the U.S. remains consistently at 99 percent or 
above in both categories [30]. Improved water source is defined as a legitimate water 
source with at least 20 liters per person to be available within one kilometer of the users 
dwelling. With a reasonable large portion of China’s population stuck with limited water 
resources, the importance of ensuring what water they have access to is safe becomes of 
the greatest importance. And when it is of great importance to China, then the rest of the 
world must listen.  
 As for the United States, evidence of their influence over the world can be seen 
even in recent news. In 2007, the United States was ranked the number one country when 
it came to total gross domestic profit (GDP) at $13.8 trillion, which more than triple that 
of the runner up, Japan, who had $4.3 trillion [36]. Knowing that, it’s no surprise that 
with the current financial crisis hitting American home life, other countries also feel the 
sting.   
 Fortunately the market for membranes seems to be unaffected by the financial 
troubles facing America. There are more than 250 microfiltration and ultrafiltration 
installations in operation within the United States. This is equivalent to over 1 billion 
gallons per day of treated water [23]. In fact, “the entire worldwide membrane market is 
predicted to grow from $7.6 billion in 2006 to over $10 billion in 2010, with a growth 
rate of 10 percent or greater for the foreseeable future” [23]. With the world economy 
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following suit and investing in the future of filtration as a resource for clean water 
operations, the technology is definitely on the rise of importance.  
2.1 Water Purification Methods 
 Water purification is broken into several different stages; a primary stage, a 
secondary stage, and an advanced or tertiary stage are the three most commonly seen 
[22]. The primary stage is used for the removal of suspended solids which are the 
solids are large enough to be effected by gravitational forces. It is common so see 
coagulation, flocculation, and sedimentation/clarification in the primary stages of 
drinking water treatment. The secondary stage is used for the removal of organic 
matter and it consists of some sort of filtration. Finally, the tertiary stage is only used 
in some situations and it is comprised of advanced treatment for the removal of some 
other constituents such as nitrogen and phosphorus and then ends with disinfection. 
Disinfection can be achieved by any number of processes, from ultraviolet radiation 
to chlorine chemical additives. An example diagram of these process steps can be 
seen below in Figure 1. 
 
Figure 1: Generic Water Treatment Process 
 Before discussing ultrafiltration, a brief review of the various processes shown 
above and how they may or may not affect ultrafiltration will be provided. 
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2.1.1 Coagulation and Flocculation 
 The current conventional method of natural organic removal is coagulation and 
flocculation. Coagulation is the addition of positively charged coagulants, for instance, 
aluminum sulfate (alum) or a ferric salt, such as ferric chloride, are the two most 
commonly used coagulants [11].  
 Flocculation is the mixing under turbulent conditions of these colloids and 
coagulants in an effort to neutralize the charge and to help induce the Van der Waal 
forces within the particles. This causes the mixture to form interparticle bridging or 
polyelectrolyte compounds that can be either settled or flocked out of the water [11]. In 
effect, the combination of coagulation and flocculation changes some colloidal and 
dissolved particles into settleable ones so that they can be removed more easily from the 
water treatment process. This method requires more technology, space, utility streams, 
and the constant flow of a coagulant such as alum or ferric chloride. These additional 
constraints boost the cost and make it more difficult to supply clean water to regions with 
limited access to this technology or chemicals. With the use of a really effective filtration 
system, coagulation would no longer be needed and in fact, could actually hinder the 
process. According to a recent study, “Coagulation/flocculation can remove 
polysaccharide- and protein-like NOM.... However, if NOM fouling is hydraulically 
reversible, then coagulant addition may simply lead to added resistance and an associated 
decrease in permeability” [1]. This means that not only is the process less cost effective 
in comparison to just a filtration system, but also has the potential to be more inefficient. 
2.1.2 Clarification and Sedimentation 
 The removal of suspended solids is almost always removed by clarification/ 
sedimentation. This is done by the use of the natural mechanism of the gravity. Solids 
with a high specific gravity will settle to the bottom of the tank while those with a lower 
specific gravity will rise to the top of the water [22]. Once they have settled the sludge 
from the bottom of the tank and the scum from the top of the tank are removed. An image 
of a clarifier is shown below in Figure 2 [14]. 
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Figure 2: Sedimentation Tank Diagram 
 A skimmer rotates around the top of the water collecting scum which consists of 
grease and oil. A collector arm at the bottom of the tank repeats the same process 
collecting sludge which consists of dirt and mud and other large heavy items. Although 
this system is useful in cleaning water, this part of the process only removes large 
particles from the water and this alone would not make drinking water safe for 
consumption. However, in any water treatment process, whether it be a standard process 
or one that involves ultrafiltration, the addition of a simple sedimentation tank is always 
necessary and cost effective. For ultrafiltration, the removal of large suspended solids is 
important for the prevention of any unnecessary fouling that may occur otherwise. 
2.1.3 Disinfection 
 There are three primary methods for disinfection that are in practice for water 
treatment. They consist of ozone, ultraviolet radiation, and the use of a chorine chemical 
additive. Chlorine is currently the most commonly used of these three processes because 
it is almost always the most cost effective method; however, recent studies have shown 
that chlorination has its drawbacks as well. 
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 Ozone is a very reactive compound that is used in disinfection because of its 
powerful oxidation agent. The series of chemical equations for ozone formation is shown 
below [22].  
O3 + H2O  HO3+ + OH- 
HO3+ + OH-  2HO2 
O3 + HO2  HO + 2O2 
HO + HO2  H2O + O2 
 Ozone formation creates two radicals, HO2 and HO, both of which are the active 
form in the disinfection process [22]. Ozone is a great disinfectant for multiple reasons. It 
is probably the most effective disinfectant of the three not only as a virucide, but also 
because of its ability to dissociate organic matter without any development of harmful 
byproducts. Although it is extremely toxic, it has little to no chance of being harmful to 
wildlife or human ingestion due to its rapid dissociation [22]. A table comparing the 
effectiveness of various disinfectants for Giardia is shown below [11]. The table shows 
how little ozone is required in comparison to other disinfection treatments in order to 
provide the same impact. 
Table 1: Surface Water Treatment Rule Cta Values  
for Achieving 99.9% Reduction of Giardia lamblia 
Disinfectant pH Temperature, °C ≤1 5 10 15 20 25 
Free Chlorine b 6 165 116 87 58 44 29 
(2 mg/L) 7 236 165 124 83 62 41 
 8 246 243 182 122 91 61 
 9 500 353 265 177 132 88 
Ozone 6-9 2.9 1.9 1.4 0.95 0.72 0.48 
Chlorine Dioxide 6-9 63 26 23 19 15 11 
Chloramines 6-9 3,800 2,200 1,850 1,500 1,100 750 
a. C is in mg/L and t is in time. 
b. Ct values depend on the concentration of free chlorine. 
 However, there are some drawbacks to this disinfectant as well. The partial 
oxidation of organic matter that can occur from ozone can lead to biological regrowth in 
the distribution system and since it dissociates so quickly, it has no residual for 
eliminating bacteria after its left the treatment plant [11]. Additionally, ozone must be 
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produced on site. The most common method of ozone production is through electric 
discharge. This method is a huge energy consumer and therefore very expensive to own 
and run [22]. 
 Ultraviolet radiation is another method of disinfection. It is a physical rather than 
chemical method for disinfection. The UV waves from a light source penetrate the cell 
walls of microorganisms and damage its DNA. UV is valuable because it cannot form 
any disinfection byproducts. However, it is not effective against Giardia cysts [11]. 
Moreover, the distance over which the ultraviolet light is effective is very limited and 
must be applied to a thin film of water [22]. Again, due to energy consumption this 
method of disinfectant is expensive and therefore not widely used.  
 Of all of the chemical disinfectants, chlorine is the most commonly used 
throughout the world [22]. It can come in several forms, the major forms of which 
include chlorine gas, sodium hypochlorite, calcium hypochlorite, chlorine dioxide, and 
bromine chloride. In most forms chlorine is a far more affordable process than any other 
disinfectant. Furthermore, it has the formation of free chlorine which continues to 
disinfect as it travels through the distribution system. The major drawback to chlorine 
which has only recently been discovered is the formation of disinfection byproducts 
(DBPs) from natural organic matter. 
 DBPs include trihalomethanes, haloacetic acids, and other halogenated organics. 
In the United States, the EPA limits the total concentration of chloroform, bromoform, 
bromodichloromethane, and dibromochloromethane to 80 parts per billion (PPB) in 
treated water. This number is called “total trihalomethanes.” These are considered to be 
environmental pollutants and are carcinogenic. They may also cause cancer and nervous 
system complications under too much exposure [26]. Some of the proposed pathways of 
how these DBPs are formed can be seen in Figure 3 [39].  
 Since chlorination is the most widely used and most economical, it would be 
beneficial for effective removal of the majority of natural organic matter before it reaches 
the disinfection process, thus lowering the risk of DBPs. 
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Figure 3: Proposed Pathways of DBP formation from NOM 
2.1.4 Filtration Methods 
 Filtration was one of the first known methods for the production of potable water. 
In 3,000 B.C. Ancient Greece was using sand and gravel filtration methods for water 
purification. As our water process technology developed, so has our ability to understand 
what is inside of the water we drink. Now, by using the processes developed by our 
ancestors and the technology booming throughout the industry we can remove things that 
before we couldn’t even see.  
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 Membrane processes are increasingly used in drinking water treatment to meet 
more stringent water quality regulations [38]. Today, some sort of filtration unit is used in 
almost every water and wastewater treatment facility across the US. It typically follows 
after sedimentation and is used to filter out the particles that will not readily settle out via 
the forces of gravity. Membranes serve as a molecular sieve to separate solute molecules 
based on their size much like how a strainer works within a kitchen. Filtration typically 
removes fine particles, large microorganisms, and some bacteria. Filtration offers several 
advantages including greater water quality, easier control of operation, lower 
maintenance, and reduced sludge production [37]. Although the technology has such 
potential the critical factors limiting the use of membrane filtration for drinking water 
treatment are its efficiency and membrane fouling. Membrane fouling is the reversible 
and irreversible loss of system productivity over time [37]. The amount of fouling is 
caused by any number of things from various components within the untreated water or 
the type of filtration used. 
   There are several different types of membrane processes. Some examples 
include granular medium filtration, reverse osmosis, microfiltration, and ultrafiltration. 
Granular medium filtration is the filtration of suspended or larger particles from water. 
The removal of these particles is done through the use of a medium which can be 
constructed any number of materials from activated charcoal to sand [22]. This type of 
filtration is often seen in wastewater treatment systems where larger particles need to be 
removed. This method is less effective at removing colloidal or dissolved particles from 
water. 
 Reverse osmosis is a technology used for the removal of high concentrations of 
dissolved solids, primarily salts. This removal occurs by applying pressure in excess of 
the osmotic pressure of the dissolved components in the solution on one side of a semi-
permeable membrane. This filtration method is less applicable due to the high cost 
associated with the substantial pressure requirements which would need a high pressure 
pump and the cost of the membrane itself [22]. Instead, this method is more commonly 
seen for small scale or desalination processes [23]. 
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 Microfiltration and ultrafiltration systems are pressure driven porous membrane 
operations [22Error! Reference source not found.]. Microfiltration allows the removal 
of particles, turbidity, and larger microorganisms. It is less successful for the removal of 
dissolved contaminants such as natural organic matter. Ultrafiltration can also remove 
waterborne viruses that are too small for microfiltration as well as much of the dissolved 
organic matter [37]. Using carefully chosen conditions for membranes, such as the 
material, pH, ionic strength, applied pressure, as well as others, it is possible to avoid 
fouling and even to retain molecules which are smaller than the pore diameter. In that 
case, the filtration system no longer acts as just a sieve, but rather a membrane [20]. 
2.1.5 Charged Ultrafiltration 
 Charged ultrafiltration is the use of an ultrafiltration membrane after it has been 
soaked in a chemical reagent that gives the membrane a negative charge. Ultrafiltration is 
one of the most effective membrane processes for water purification. The goal behind 
applying a charge to that membrane is to improve efficiency and reduce the amount of 
fouling on a membrane that can occur. Electrostatic repulsion of NOM by the membrane 
would in theory prevent water contamination and also absorption of molecules onto the 
surface of the membrane which would in turn prevent fouling. 
 The majority of natural organic matter, such as humus molecules, are anionic. 
Anionic means that the molecules in aquatic solutions at the pH range of naturally 
occurring surface waters are negatively charged [20].  The charge of natural organic 
matter was investigated in a study done by Childress et al. [7] for reverse osmosis. In 
their study the surface zeta potential of the reverse osmosis membrane decreased in the 
whole pH range (2-9) upon humic substances being adsorbed. This means that the humic 
solution that was being absorbed by the membrane was negative and caused the 
membrane charge to decrease as more of the solution bound itself to the membrane. 
 In order to have electrostatic repulsion, the membrane and the molecules must 
have like charges. Since the molecules are mostly negative, a negative charge to the 
membrane should also be applied. This was shown through an investigation held by 
Nyström et al. [25] using a positively charged filter. They filtered humic acid through 1.9 
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mm pore diameter inorganic capillary membranes. These membranes were not pretreated 
and known to have a positive charge. There was a rapid decline in flux during humic acid 
filtration. For example, the flux for a 10 parts per million (ppm) humic acid solution 
decreased by approximately 50 percent after 5 minutes of filtration, whereas, the flux for 
a 100 ppm humic acid solution decreased by more than 90 percent within 5 minutes, 
rendering the membrane essentially useless. They concluded that the reason for the 
fouling of the humic acid in their experiment was due to its binding tendency to 
multivalent ions. The negatively charged humic acid caused severe blockage of the 
positively charged membrane and its pores. This was again investigated briefly by Cho et 
al. [8] in their study on finding effective methods of improving the molecular weight cut 
off (MWCO) of a membrane. They found that the “effective MWCO for negatively-
charged membranes with NOM was significantly reduced from nominal MWCO.” This 
means that the size of the molecules that were passing through the membrane decreased 
when they had a negative charge, making the filter more effective. 
 This report will investigate ultrafiltration under a charged membrane. If a negative 
charge is found to have a significant impact on the filtration efficiency, the result will 
mean a reduction in the size and cost of the equipment needed for water purification. 
However, fouling is a constant concern for these filtration units, especially when that 
fouling is irreversible. Although it is known that a charge is effective in reducing fouling, 
the amount of fouling has previously not been quantified.  
2.2 Potable Water Characteristics 
 The Yangtze basin which is the source of the water for this report is also the 
source water for over Four hundred million people surrounding it [34]. The Hangpu River 
is the river that directly feeds into Shanghai and accounts for over 70 percent of the water 
for the city [2]. All together the water system serves more than 12 million people in the 
city [28] With over ten water treatment plants in Shanghai and an average output of over 
2.8 million meters cubed (m3) per day or over 1 billion m3 per year, the total annual 
domestic consumption of water, through water treatment facilities is approximately 450 
 15 
million m3 [28]. With all of this water being treated and consumed, the quality of the 
water becomes of great concern for the people of China.  
 This river system is also the source of large amounts of discharge. Many 
municipal wastewater facilities send their water into the same waters that the drinking 
water systems are trying to treat. The result of this is that organics and ammonia are 
thought to be the one of the main pollutants that treatment facilities must deal with [2]. 
Organic matter is difficult to remove and many times in the conventional treatment 
processes the matter will remain there afterwards. This was shown through research in 
the Shanghai area [2]. Tests were done at the Minhang Waterworks System where they 
revealed a rate of removal of over 99 percent of the turbidity and bacteria, but only 17 
percent of the total organic carbons. These results went further, testing the concentrations 
at the pumping station and out of the tap. The results of the research can be seen below. 
Table 2: Summary of Shanghai Water Constituents 
Parameters 
Raw Water of the 
Huangpu River 
(mg/L) 





Min. Max. Ave. Min. Max. Ave. 
Turbidity (NTU) 32 47 38 0.09 0.15 0.11 99.7 
TOC 5.1 6.8 5.7 3.6 6.6 4.73 17.0 
UV-254 (cm-1) 0.137 0.233 0.184 0.079 0.104 0.089 73.3 
Total  Bacteria 
(CFU/mL) 360 2157 981 1 21 7 99.3 
 
 Water in the upstream of Huangpu River is polluted water. According to Chinese 
Environmental Quality Standard for Surface Water (GB3808-2002), the water is rated a 
grade IV water area. This means that the water is “only suitable for normal industry 
purpose or entertainment purpose not directly contacting human body” [2]. This means 
that the water isn’t even suitable for swimming. This same water is what the municipal 
water treatment facilities have to clean up before sending it through the distribution 
systems into families’ homes and into their tea. 
 There are solids within water and it is important to understand what they consist 
of and why they need to be removed. Solids within water can be broken up into three 
general categories: dissolved, colloidal, and suspended. Suspended particles are in a 
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separate phase from water. They are larger than colloidal particles and most often will 
settle out of the solution in sedimentation process of water treatment [11]. Since they are 
easily settled out and removed, they will not be the focus of this paper. Colloid particles 
are solids that range in size of 1 to 100 nm in diameter. They are particles that are small 
enough that their characteristics and movement are defined by molecular forces rather 
than larger forces such as gravity [11]. Dissolved particles are in solution forming a 
homogeneous phase with water and most often will pass through any filter [11]. In the 
case of drinking water filtration the colloidal particles effect the reversible fouling of 
filtration by reducing the membrane permeability through accumulation of solutes on the 
membrane surface through precipitate formation [2]. On the other hand, dissolved 
organic materials may cause irreversible fouling by altering the effective membrane 
within its pores by slipping into the membrane and precipitating out of solution with 
inside [40]. 
2.2.1 Colloidal and Dissolved Particles 
 Colloidal particles are particles that are so well mixed and dispersed within a 
substance that they give the appearance of being in solution when they are in fact only 
suspended. A commonly used example of a mixture with colloidal particles is milk. 
Much of milk is filled with the sodium salts and fatty acids derived from animal fats [5]. 
When you look at a glass of milk the color is white because these fatty acids are evenly 
distributed throughout the liquid rather than just sitting on the bottom. 
 The reason that these particles don’t settle or aggregate easily is because they are 
colloidal and therefore stay suspended through electrostatic stabilization. Electrostatic 
stabilization is the suspension of particles through the mutual repulsion of like charges, 
such as the polar water molecules and NOM. The particles are typically so small that the 
ratio of their surface area to their mass is much larger which therefore causes the 
characteristics of the surface area to play the dominate role in the behaviors of the 
particles. This means that the Van der Waals force is essentially the force in control of 
the particles motions and behaviors. The Van der Waal forces include attractions between 
atoms, molecules, and surfaces and are caused by correlations in the fluctuating 
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polarizations of nearby particles. 
 The colloids, which are most commonly negative in charge, will form a double 
layer of charge due to their electric potential. The first layer, the stern or fixed layer, will 
be all positive while the second layer, the diffusion ion layer, will be a general mix of 
ions, both negative and positive but will be mostly positive overall. An illustration of the 
electric potential of a typical particle can be seen in Figure 4. 
 
Figure 4: Diagram of electric potential versus the distance  
 The polarization of these particles is what keeps it within the water. Therefore so 
the best way to combat these compounds is to neutralize their charge so that they no 
longer will have that repulsion that keeps them suspended and therefore can be removed 
effectively.  
 The reason that colloidal material is an issue in water treatment is because it may 
cause fouling on a membrane by forming a cake on the surface [2]. In fact, according to 
one report [2], their results indicate that for low-turbidity and high-NOM surface water, 
colloidal material determined the rate of fouling. However, the fouling caused from 
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surface buildup is known to be reversible. Reversible fouling is just temporary fouling of 
the membrane which can be treated through either backwashing the system or using a 
chemical solution to rinse the membrane out. On the other hand, the fouling caused by 
dissolved particles within the water is often irreversible. This means that permanent 
damage to the membrane occurs which causes the filtration to be slow and in turn causes 
an ineffective form of water treatment.  
 Dissolved particles are smaller than one nanometer in diameter and are considered 
to be bonded in solution with water and therefore much harder to remove through typical 
treatment processes. In particular, dissolved organic matter has been shown to be one of 
the most important factors controlling the bioavailability of certain contaminants in 
freshwater sources.  
 This part of the solids within water is of great concern with not just filtration, but 
also charged filtration. This is because the dissolved matter is thought to be the cause of 
more permanent fouling by precipitating at the membrane surface or adsorbing within the 
membrane pores [4]. Since it is smaller, it can escape or travel through the pores of a 
membrane more readily than suspended or colloidal material. If using a charged 
membrane is shown to be successful, it will be because of its ability to filter out dissolved 
matter. 
2.2.2 Protozoa, Bacteria, and Viruses 
 The main reason that solids should be removed from drinking water is because 
some of those solids may in fact be living. Solids can also appear in the forms of 
protozoa, bacteria, and viruses. These living organisms can cause serious health issues if 
consumed and may even lead to death.  
 Below in Table 3 is a list of commonly found organisms in untreated wastewater. 
These are the organisms that one doesn’t want to find in their drinking water. One thing 
that is important to notice is the concentration of the organisms. For example, 
cryptosporidium causes a diarrheal disease. Diarrhea is a serious concern because it is the 
cause of 30 percent of water related deaths and that percentage is even greater among 
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children [26]. A total of 1.8 million children die from diarrhea every year [3]. 
Cryptosporidium exists in concentrations of water as low as 0.1 to 10 organisms for every 
milliliter of contaminated water. It is very hard to measure, let alone detect. In the case of 
drinking water, the concentration of total and fecal coliforms, which are much greater in 
concentration, should be down to zero in order to ensure that all other harmful bacteria 
and viruses are also removed.  
Table 3: Commonly Found Microorganism in Untreated Domestic Waste Water 
ORGANISMS Concentration, number/mL 
Total Coliforms 105 - 106 
Fecal Coliforms 104 – 105 
Fecal streptococci 103 – 104 
Enterococci 102 – 103 
Shigella Present 
Salmonella 100 – 102 
Pseudomondas aeroginosa 101 – 102 
Clostridium perfringens 101 – 103 
Mycobacterium tuberculosis Present 
Protozoan cysts 101 – 103 
Giardia cysts 10-1 – 102 
Cryptosporidium cysts 10-1 – 101 
Helminth ova 10-2 – 101 
Enteric visus 101 – 102 
 
 Filtration is a process that is particularly suitable for the removal of suspended 
solids, especially bacteria and protozoa, such as Giardia and Cryptosporidium [4]. 
2.2.3 Natural Organic Matter 
 Organic Matter (OM) is made of compounds of carbon and other molecules. 
There are more known compounds of carbon than any other element except hydrogen. 
Natural organic matter is an area within organic matter that consists of carbohydrates, 
proteins, fats, and oils. Organic matter effects water through turbidity, color, taste, and 
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odor. It can cause equipment issues and creates biofilm on distribution pipes which leads 
to less clean water and the need to replace pipes more frequently. Furthermore, it can also 
have harmful effects through housing and feeding bacteria and viruses and by also 
reacting with other chemicals in the water to form dangerous carcinogenic compounds. 
Finally, it has been shown in previous studies to be the main component responsible for 
membrane fouling.  
 NOM can be broken up into a number of different subcategories. This report will 
focus on one set of subcategories in particular, hydrophobic (HPO) and hydrophilic 
(HPI).  
 Hydrophobic organic matter is organic matter that will not readily dissolve in 
water or other polar solutions [16]. The HPO fraction represents around 50 percent of the 
dissolved organic carbon do to the fact that it has a larger molecular weight than HPI 
[40]. Hydrophilic has the opposite meaning and tends to represent around 35 to 40 
percent of dissolved organic compounds in surface water [40]. Because of HPO matter’s 
major fraction in surface or ground it has been the focus of many studies in the past [19; 
25; 34]. Although there is no doubt that hydrophobic interactions are influential when it 
comes to the performance of a membrane and it’s flux decline, according Nilson et al., 
the results showed that hydrophobic matter exhibited a greater flux decline than 
hydrophilic [24].  However, newer research has been focusing on the effects and 
comparisons of hydrophobic matter with hydrophilic matter on filtration.  
 According to several more recent studies it was shown that the hydrophilic matter 
was the main source for determining the rate and extent of flux decline. Additionally, Lin 
et al. [19] performed a study on the effect of fractionated NOM and observed that it was 
rather the large-sized molecules of both hydrophobic and hydrophilic NOM components 
that caused worse flux decline then one versus the other. From Zularisam et al. [40], the 
high molecular weight of the hydrophilic component was the prime contributor to NOM 
fouling. This is because of polysaccharides which are bulky hydrophilic macromolecules 
that are predominating in nature [8]. These polysaccharides are prone to adsorbing on to 
membrane surface which is the cause of the membrane fouling [40]. The conclusion of 
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these studies showed that macromolecules from both hydrophobic and hydrophilic are the 
major components that foul up membranes for filtration but that hydrophilic organic 
matter effects the membrane in a more permanent manner.  
 One reason that natural organic matter needs to be removed from water is because 
it is the primary food source for bacteria and other microorganisms. This can be 
illustrated by the biochemical oxygen demand (BOD) phenomena which is a method for 
estimating the amount of bacteria and microorganisms within water through bottle 
testing. A general trend of what occurs with bacteria growth and organic matter 
consumption over time is illustrated in the graph in Figure 5. 
 
Figure 5: Consumption of Organic Matter versus Other Elements 
 From Figure 5, we can see that the excess of organic matter provides a food 
source for bacteria to thrive on, and once more, that creates more living things in the 
water supply, such as protozoa, which feed off of the living and dead bacteria. Limiting 
the amount of NOM that is within the water source initially can assure limited amounts of 
contamination from bacteria and protozoa.  
  Lastly, as previously mentioned, natural organic matter is an area of concern 
within water treatment because of the disinfection by-products during the chlorination. 
These byproducts are carcinogenic and may cause cancer under repeated exposure. 
Organic matter is the major source that contributes to the formation of DBPs during water 
treatment [39] and therefore needs to be effectively removed to ensure the safety of the 
water to be consumed. 
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3.0 Charged Ultrafiltration Procedure 
3.1 Equipment 
The equipment used in this laboratory is as followed. 
• Regenerative Cellulous (RC) Membrane 
• Glass Bottle with a Ground Glass Stopper (multiple) 
• Parafilm 
• Isopropyl Alcohol (IPA) , (CH3)2CHOH 
• Tweezers 
• Deionized (DI) water 
• Lab-Scale Ultrafiltration Unit 
 
Figure 6: Image of the Lab-Scale Ultrafiltration Unit Disassembled 
 
• Plastic jug with drain tube 
• Graduated Cylinders of Various Sizes 
• Nitrogen Gas and Tank 
• Pressure Gauge 
• Spectrophotometer, UV254 
• Two Curettes 
• Non-Lint Tissue Paper 
• Sample Jars (multiple) 
• Analytical Scale 
 23 
• Stopwatch 
• Filtering Flask 
• Glass Filter Stopper 
• Pressure Pump 
• 50 mm, 0.45 μ Membrane 
• Raw Water Sample (from Pre Water Treatment Facility) 
• Total Organic Carbon Analyzer 
• 0.1 M Sodium Hydroxide (NaOH) 
• Superlite DAX-8 Resin 
• Cotton Material 
• Methanol (CH3OH) 
• Absorbing Column 
• Peristaltic Pump 
• Ultrapure Water 
• Resin Absorbing Column 
• Hydrochloric Acid (HCl) 
• pH Meter 
• Known solution of Sodium 3-bromopropanesulfonate 
• 10 mM of Potassium Chloride (KCl) 
• Known mM Solution of Tris (hydroxmethyl) amino-methane (Tris), C4H11NO3 
• Streaming Potential Filtration Equipment 









A = Membrane Area (m2) Cf = Feed Concentration (Conc.) (mg/L)  
CP = Permeate Conc. (mg/L) Ct = Raw Water Conc. at Time t (mg/L) 
Ct+1 = Raw Water Conc. at Time t+1 (mg/L)  ΔE = Streaming Potential (volts) 
J = Flux (m3/(m2*s) or m/s) m = mass of the water sample (g) 
ΔP = Trans-membrane Pressure (Pa) Qf = Flowrate of water (m3/s) 
R = Resistance (m-1)  Ät = Change in Time (min) 
V = Permeate Volume (cm3) εo = Permittivity of vacuum 
εr = Dialect Constant of Membrane ζ = Zeta Potential 
κ = Conductivity of Water μ = dynamic viscosity (Pa*s) 
ñ = Density (g/cm3) 
3.3 Theoretical Approach 
 In the experiment the area, A, of the UF membrane will be given and constant 
while the flow rate of the water through the membrane, Qf, is measure. These values 
combined will give the flux rate, J, of the system.  
  (1) 
 The volumetric flowrate is not measured but can be calculated using the viscosity, 
time, and weight of the samples collect. The new equation for the flux becomes: 
   (2) 
 The density of the water used in this equation is assumed to be 1.0 g/cm3 and any 
variations due to temperature or changing concentrations of organic matter are negligible. 
Therefore, since the area of the membrane is also constant, the change in flux is 
dependent on the change in mass over time. 
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 Another value that will be calculated will be the resistance of the membrane, R. 
This can be found by measuring the concentration of NOM on both sides of the 
membrane as seen in Equation 3. 
  (3) 
 In order to find Cf we can either measure the concentration directly or integrate. 
To measure the concentration directly, either the absorbance or the total organic carbon 
can be used. However, UV can be adversely affected by turbidity at times, which may 
throw off results. The following series of equations shows the integration process and 
final equation required behind the theory of the rejection rate. 
  (4) 
 V (Ct+1 – Ct) = (Cf – CP) Qf × Δt (5) 
 Where Ct is the concentration of the feed at the start of the time interval and Ct+1 
is the concentration of the feed at the end of the time interval.  
 V (Ct+1 – Ct) = (Ct – CP)  (6) 
 Ct+1 = (Ct – CP)  + Ct (7) 
 Additionally the membrane hydraulic permeability, Lp, will be measured between 
each step of the preparation and cleaning process of the experiment to determine how the 
various steps impair the effectiveness of the membrane. 
 LP =  (8)
The flux filtration rate for this equation will be with flux of un-tampered deionized water. 
This will ensure that the measurement will only be that of the effects of the filter and not 
of the water itself. 
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  Every solid object in solution has a surface charge and so a distribution of ions 
near the surface occurs as shown previously from Figure 4. Passing a liquid over the 
surface disrupts this distribution and creates a potential difference known as the 
streaming potential. The Streaming potential as well as the permittivity of vacuum, 
dialect constant of the membrane, and the conductivity of water should all remain 
constant throughout our calculations since all four of those values depend on both the 
membrane and water’s physical characteristics and those will remain constant throughout 
the experiment. Once all of those constants are determined, the zeta potential, ζ, can be 
found. 
 ζ = (ΔE / ΔP) × (μ × κ ) /  (εo × εr) (9) 
 With all of those variables accounted for, there will be enough data available to 
have a justifiable comparison for the modified versus non-modified membranes. 
3.4 Experimental Approach 
3.4.1 Pre Experimental Preparation and LP Measurement 
1. Prepare a new regenerative cellulous (RC) membrane with a diameter of 25 mm and a  
nominal molecular weight limit (NMWL) of 30,000 (30KD). RC membranes are used 
because they are common place and are used currently in the water treatment industry 
[23]. Preparation is done by allowing it to soak in a small sealed glass bottle in 
isopropyl alcohol (IPA), (CH3)2CHOH, for at least one hour. This is done to remove 
any residual harmful chemicals still contained within the membrane from the 
manufacturing process. To seal the bottle use a ground glass stopper and parafilm. 
This is how the membrane should be soaked every time. Handle the membrane with 
tweezers as much as possible to prevent transfer of organic material from the skin 
onto the membrane and to prevent any unnecessary damage. 
2. After the membrane has soaked, rinse with deionized (DI) water. 
3. Set up the ultrafiltration system with the membrane inside. Add approximately 250 
mL of DI water within the plastic jug attached to it and place a small graduate 
cylinder to collect the permeate between measurements. 
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Figure 7: Ultrafiltration System Setup 
 
4. Once everything is attached tightly, the pressure can be turned on by turning the 
Nitrogen gas tank knob counter clockwise and then adjusting the pressure at the 
pressure gauge. Pressure is added by twisting the knob clockwise. Set at a high 
pressure close to but no greater than 1 mega-Pascal (MPa). 
5. Allow at least 20 ml of DI water to flow through the membrane to remove any 
residual IPA from the system.  
6. Once the 20 ml has ran through the membrane, set the pressure of the system to 
approximately 0.02 MPa and wait approximately one minutes for the pressure to 
stabilize. 
7. Weight a sample jar on an analytical scale and record. 
8. Once the pressure is stable, place the sample jar under the permeate stream for one 
minute. Keep an accurate track of the time (with a stopwatch) of the permeate flow 
collected. 
9. Weigh the sample jar with the permeate water. 
10. Repeat steps 6 through 9 for the approximate values of the following pressures: 0.04, 
0.06, 0.08 and 0.10 MPa at a time interval of 60 seconds each time. The slope of this 
data will be the LP of the new membrane. This will be the procedure followed every 
time the LP of the filter needs to be measured. The LP needs to be measured between 
each process in filtration operation. This includes: the new membrane, after treatment 
(if applicable), pre-adsorption, after filtration, and after cleaning 
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3.4.2 Raw Water Preparation 
11. Prepare sample raw water. This is done by attaching a flask to a pressure pump and 
running the amount of raw water needed for the experiments through a 50 mm 
diameter, 0.45 μm pore size membrane. The amount of raw water needed may vary 
but a volume of one liter will suffice in most cases. 
 
Figure 8: Raw Water Treatment Process 
 
12. Once the LP is measured and the raw water treated, disassemble the filtration system 
and soak the membrane in the treated raw water for around 24 hours. 
13. Set the Spectrophotometer at an ultraviolet (UV) setting of 254 and then test the UV 
of DI water in two separate curettes. Make sure to rinse before use and dry with non-
lint tissue paper. Zero the setting to the DI water curette with the lowest measurement 
and if the other curette has a different value, simply subtract that value from the final 
results. Assume that that difference is error within the curette and cleaning process of 
the curette since the ultrapure water samples should have the same UV reading. 
3.4.3 Raw Water Measurement 
14. Repeat steps 3 through 10. This time the slope of this measurement will be Pre-
absorption LP.  
15. Weigh 30 sample jars and record. 
16. Add approximately 250 mL of raw water sample into the filtration system jug. 
17. Set the pressure to 0.69 MPa. This should be the standard pressure for all non-LP and 
non-specified pressure measurements. 
18. Use a sample jar is to collect the permeate water for four minutes. Then another jar to 
measure the next 4 minutes of water.  
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19. Record the weight of each individual jar plus the sample. 
20. Step 18 and 19 are repeated until all 30 jars have been measured, which will be 
approximately two hours. Save the first 8 sample jars until the end of the run. These 
will be used to test the initial rejection rate. 
21. Use the first sample collected for measuring the absorbance of the initial permeate 
and use the water that the filter was soaking in for 24 hours for the initial pre-
filtration measurement. Use the spectrophotometer to measure the absorbance.  
22. Use the remainder 7 initial jars of the sample collected to test the total organic carbon 
(TOC) using the total organic carbon analyzer. 
23. Collect a sample of water at the end of the run and again measure the UV and TOC of 
the final permeate of the water. 
24. Disassemble the filtration system and collect the water within the cylinder section and 
use that water to test for the absorbance and TOC of the final pre-filtration sample. 
25. Rinse the membrane with DI water. 
26. Measure the LP of the membrane after filtration as before. 
27. Turn the filter 180 degrees within the filtration system and run the DI water through 
at a pressure between 0 and 0.02 MPa until water comes out at a steady rate. This is 
referred to as physical cleaning or backwashing the membrane. It is used to remove 
any matter build up on the surface of the membrane. 
28. Remove the filter from the setup and again rinse with DI water. 
29. Allow the membrane to soak in 0.1 M sodium hydroxide (NaOH) for 5 minutes. This 
part is known as the chemical cleaning of the membrane and is used to attempt to 
remove some of the buildup that is occurring within the membrane pores. 
30. Rinse with DI water and measure the LP after cleaning. 
3.4.4 Hydrophilic Water Preparation and Measurements  
31. Soak Superlite DAX-8 Resin in methanol for 24 hours in a sealed glass bottle. 
32. Soak some cotton material (enough to fill the bottom of the absorbing column up to 4 
cm) in methanol, swirl, and allow it to sit in a sealed container for 24 hours. 
33. Attach an absorbing column to a peristaltic pump and run ultrapure water from a 
beaker through the system for several minutes in order to rinse. 
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Figure 9: Absorbing Column Setup 
 
34. Retrieve the resin and cotton that has been soaking and dump the methanol in a 
beaker with water to dilute before sending it down the drain.  
35. Thoroughly wash the resin with ultrapure water. Rinse each at least four times. An 
acceptable amount of resin will be lost during the rinsing process. 
36. Removed the cotton that has been soaking in methanol and again dilute and send the 
methanol down the drain as before.  
37. Rinse the cotton with ultrapure water four times and then pack it into the bottom of 
the absorbing column. 
38. Add the resin on top of the cotton material. 
39. Ultrapure water should then be pumped again for a few minutes to continue removing 
any residual methanol.  
40. Samples of the product stream from the absorber should be collected and their UV 
absorbance measured and compared to an un-tampered sample of ultrapure water. 
Once the two measurements matched the resin and cotton are considered to be clean. 
41. Adjust the pH of 250 mL of raw water to below 2 using Hydrochloric acid (HCl). 
Measure the pH with a pH meter for accurate results. 
42. Pumped the adjusted raw water through the absorber column at a rate ranging 
between 3 to 5 mL/min. Allow a little bit of the sample water to discharge before 
collecting the rest in order to remove any residual ultrapure water. 
43. Once all of the permeate water has been collected, readjusted the pH back to 7.5. This 
water is considered to be hydrophilic, even though technically there will be residual 
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traces of transphilic matter within the sample as well. These were considered to be 
negligible for the purposes of this report. 
44. Repeat the Pre Experimental Preparation and LP Measurement steps for a new 
membrane. 
45. Next, soak the new membrane within the hydrophilic water for 24 hours. 
46. Repeat the Raw Water Measurement procedure with the hydrophilic water. 
3.4.5 Hydrophobic Water Preparation and Measurements  
47. Adjust the pH of approximately 250 mL of ultrapure water to a pH above 12 using the 
NaOH. 
48. Repeat the procedure of the Hydrophilic Water Preparation and Measurement for the 
now hydrophobic water. 
3.4.6 Negatively Charged Membrane Preparation and Measurements  
49. Prepare a solution of a known concentration of Sodium 3-bromopropanesulfonate and 
ultrapure water. 
50. Place a RC membrane within the solution and allow it to soak for 48 hours. 
51. Mix 10 mM of Potassium Chloride (KCl), and 1 mM of Tris (hydroxmethyl) amino-
methane (Tris), C4H11NO3, to form an electrolyte liquid. 
52. Assemble the streaming potential filtration equipment using the treated RC membrane 
and fill with the electrolyte liquid. It is important that there are absolutely no bubbles 
within the filtration setup because any air can severely throw off the results. 
 
Figure 10: Streaming Potential Filtration Setup 
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53. Place the two electrodes on either end of the filtration equipment and attach the 
multimeter to both of the electrodes. Attach the anode to the side where the fluid 
enters the equipment and then attach the cathode to the permeate end. 
54. Set the pressure to 5 kPa and wait for the reading on the multimeter to be stable. This 
can take up to five minutes at times. 
55. Chose four more pressures (10, 15, 20 and 25 kPa) and measure the millivolts (mV) 
at each of these pressures. 
56. The new treated membrane should repeat the same process from the beginning, only 
now measuring the streaming potential between various steps. These steps include: 
after treatment, pre-adsorption, after filtration and after cleaning. 
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4.0 Results and Discussion 
 This section of the report is broken up into five separate sections that deal with 
the separate filtration processes and the experimental process as a whole. Each section 
presents a different set of data that covers the following: the membrane hydraulic 
permeability, initial flux, ultrafiltration flux, rejection rate, and electric potential of the 
modified membranes. Furthermore, this section will cover the effectiveness of the 
measurements and potential errors in the design of the experiment.  
 The data collected in China was broken up into three parts. There were two trial 
runs where practical aspects of measuring the different quantities were flushed out and 
the design was finalized. The first part of the trial run can be seen in Appendix C and is 
the process design for the non-modified membrane. The second part is for the modified 
membrane and can be found in Appendix D. For the full set of data, including all 
calculated numbers and figures as well as sample calculations used for the final set of 
data for this section, see Appendix B.  
4.1 The Membrane Hydraulic Permeability 
 The membrane hydraulic permeability, LP, measures the membranes ability to 
flow ultrapure water through the system over a gradient of pressures. The value itself is 
the slope of the flux of the ultrapure water versus the pressure. When it is measured 
through different steps in the filtration process it allows a comparison on how various 
steps effect how the membrane functions. These steps include the new membrane, after 
modification, pre-adsorption, after filtration, and after cleaning. The values measured can 
be found in Table 4 through Table 6.  
 It is interesting to observe from this data that, at least for the modified membrane, 
the pattern is similar between all three water type trails. The initial LP started somewhere 
between 1,816 and 1,835 and then the value decreased for the steps after modification, 
pre-adsorption, and after filtration. This trend is to be expected because during all of 
those processes the membrane is being subjected to contaminated water or a solution of 
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water. The LP only increases after cleaning for all three modified membrane cases.  The 
main difference between the modified membrane series is the scale of which the LP 
changed. Most notably was the change from beginning to end LP for hydrophobic 
compared to that of hydrophilic and raw water. The raw water had an initial LP of 1,835 
and ended with 1,705, which equates to a total change of 131. Additionally, the results 
for hydrophilic were 92, while the change in the hydrophobic was more than double that 
of raw water, coming in at 356. This shows that although hydrophobic has a more drastic 
effect on the membrane the hydrophilic part is the more dominating component in the 
raw water mixture. This hypothesis is additionally reflected in the graphs from Figure 11 
through Figure 13.  
Table 4: Raw Water LP 
Raw Water 
Non-Modified 
Membrane LP ΔLP 
Modified 
Membrane LP ΔLP 
New Membrane 1871.8  New Membrane 1835.2  
---   After Modification 1830.1 -5.1 
Pre-Adsorption 1742.5 -129.3 Pre-Adsorption 1702.1 -128.0 
After Filtration 1937.2 194.7 After Filtration 1680.3 -21.8 
After Cleaning 1655.8 -281.4 After Cleaning 1704.7 24.4 
Table 5: Hydrophobic Water LP 
HPO Water 
Non-Modified 
Membrane LP ΔLP 
Modified 
Membrane LP ΔLP 
New Membrane 1906.9  New Membrane 1816.0  
---   After Modification 1596.3 -219.7 
Pre-Adsorption 1860.0 -46.9 Pre-Adsorption 1515.7 -80.6 
After Filtration 2080.0 220.0 After Filtration 1420.2 -95.5 
After Cleaning 2057.8 -22.2 After Cleaning 1460.5 40.3 
Table 6: Hydrophilic Water LP 
HPI Water 
Non-Modified 
Membrane LP ΔLP 
Modified 
Membrane LP ΔLP 
New Membrane 1779.7  New Membrane 1821.0  
---   After Modification 1734.9 -86.1 
Pre-Adsorption 1788.8 9.1 Pre-Adsorption 1688.0 -46.9 
After Filtration 1775.6 -13.2 After Filtration 1686.9 -1.1 
After Cleaning 1788.2 12.6 After Cleaning 1728.9 42.0 
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 When observing the non-modified membrane, it is discovered that their LP is 
more sensitive to changes in the membrane. This can be reflected by example of the 
initial LP of the new membranes. The range of values is much greater than was seen in 
the modified membranes, with a low value from hydrophilic water at 1,780 and a high 
number from of hydrophobic of 1,907. The range for this set of data therefore equals 127 
compared to the 19 of the modified membrane. These results make the LP harder to 
follow and harder to compare from the non-modified membrane side. Furthermore, the 
changes between steps are not consistent for the three different membranes. Therefore, 
the most logical conclusion that can be made from the data is that a modified membrane 
provides more stability to the filtration process and the individual steps within it 
compared to that of a non-modified membrane.  
4.2 Initial Flux 
 The initial flux is a measurement of ultrapure water flowing at the set pressure of 
0.69 MPa for one sample worth. It was collected for each step of the membrane process 
to show the relative flux rates. Data is shown in Table 7 through Table 9. 




Time Flow Rate 
(g/min) 
Initial Flux  
(10-5 m/s) min sec 
New Membrane 3 58 0.8828824 3.589 
Pre-Adsorption 4 0 0.864325 3.514 
After Filtration 4 0 0.914325 3.717 
After Cleaning 4 0 1.00015 4.066 
 Modified 
Membrane 
Time Flow Rate 
(g/min) 
Initial Flux  
(10-5 m/s) min sec 
New Membrane 4 0 0.8452 3.436 
After Modification 3 58 0.8689412 3.532 
Pre-Adsorption 4 1 0.7979253 3.244 
After Filtration 4 2 0.794281 3.229 










Time Flow Rate 
(g/min) 
Initial Flux  
(10-5 m/s) min sec 
New Membrane 4 0 0.89185 3.625 
Pre-Adsorption 4 1 0.9287303 3.775 
After Filtration 4 0 0.888625 3.612 
After Cleaning 4 1 0.9767801 3.971 
Modified 
Membrane 
Time Flow Rate 
(g/min) 
Initial Flux  
(10-5 m/s) min sec 
New Membrane 4 0 0.85995 3.496 
After Modification 3 58 0.7723109 3.139 
Pre-Adsorption 4 1 0.7403402 3.010 
After Filtration 4 0 0.674275 2.741 
After Cleaning 4 2 0.6994959 2.843 
 
Table 9: Hydrophilic Water Initial Flux 
 HPI WATER 
Non-Modified 
Membrane 
Time Flow Rate 
(g/min) 
Initial Flux  
(10-5 m/s) min sec 
New Membrane 4 0 0.8476 3.446 
Pre-Adsorption 4 1 0.8514772 3.461 
After Filtration 4 0 0.84695 3.443 
After Cleaning 4 2 0.8493471 3.453 
Modified 
Membrane 
Time Flow Rate 
(g/min) 
Initial Flux  
(10-5 m/s) min sec 
New Membrane 4 0 0.846625 3.442 
After Modification 4 0 0.811475 3.299 
Pre-Adsorption 3 59 0.8066611 3.279 
After Filtration 4 2 0.8071983 3.281 
After Cleaning 4 4 0.798959 3.248 
 
 From this we can note the overall change in the flux for the non-modified versus 
the modified membranes. In the case of hydrophilic and hydrophobic water filtration the 
modified membranes flux rate decreases slightly from the initial value after cleaning. On 
the other hand, for all three cases for the non-modified membrane the flux actually 
increased above the initial value after cleaning. This proves that when the membrane is 
subjected to modification, it is more susceptible to permanent fouling of the membrane. 
However, in the case of raw water, the flux once again increased even for the modified 
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membrane. The difference between the raw water and the HPO and HPI water is that 
there are other contaminants beyond HPO and HPI, such as transphilic OM that is also in 
the raw water.  
4.3 Ultrafiltration 
 Although the LP and the initial flux show the characteristics of the filtration 
process and can give some general information on how the modified membrane affects 
these processes versus the non-modified, it does not paint a clear picture of what is going 
on during filtration and how efficient the process is from start to finish. For that we need 
to make measurements during the process. 
 In the ultrafiltration section of the research there is a clear pattern of the blue, 
uncharged filter having a greater flux than that of the red, charged filter, shown in Figure 
10 to Figure 12. This means that the applying the chemical solution to the membrane did 
not effectively improve the flux of filtration. Instead the flux remained basically 
unchanged, as in the case of the hydrophilic water, or drastically decreased over time, as 
in the case of hydrophobic water. The raw water sample, which contained both HPI and 

















Figure 11: Raw Water Ultrafiltration 
 
Figure 12: Hydrophobic Water Ultrafiltration 
 
Figure 13: Hydrophilic Water Ultrafiltration 
 Possible reasons behind the decrease in the flux could be the fact that the charged 
membrane attracts more particles and filters more than the untreated membrane and 






























a solution of Sodium 3-bromopropanesulfonate could have effectively clogged the pores 
of the membrane. To better understand the direct effects of the chemical additive and the 
flux decline, information on the LP and the rejection rate are provided in the following 
sections. 
 Some errors that occurred during the filtration process were mostly caused by the 
equipment and design of the system. The pressure was set at a constant level at the 
beginning of the process but it was near impossible to maintain it throughout the 
experiment. Part of the reason for this was due to drifting of the needle within the 
pressure gauge while waiting for it to settle on the actual value. Another issue that arose 
with the pressure was that as the two hours passed by there was less water was in the tank 
of the system. As the volume of the water decreased, the pressure also decreased. 
Although it decreased at a steady rate and the final pressure was recorded for each trial 
and all trials had similar results, there is no doubt that this change played an effect on the 
data collected. This is evident in the LP values that reflect how integral the pressure plays 
apart in the accuracy of the filtration system.  
4.4 Rejection Rate 
 The rejection rate for the membranes was measured by both UV-254 and by a Total 
Organic Carbon Analyzer; however the analyzer turned out to be a finicky machine that 
produced inconsistent data. For that reason, it was discarded and only the UV values will 
be discussed in this section. See the appendix for the Total Organic Carbon Analyzer 
data. According to MacCraith, et. al., “UV-254 absorbance is measured by shining an 
ultraviolet light through a small sample of water and measuring how much of the light is 
absorbed at a wavelength of 254 nm by material in the water. It can sometimes be 
adversely affected by turbidity; however it is a simple and effective method for 
measuring the natural organic matter from the system” [21]. Since the filter was treating 
water for a drinking water treatment facility versus a waste water facility the amount of 
turbidity is much less in comparison.  
 The actual measurement of absorbance is based on a zeroed ultrapure water 
measurement. The rejection rate is then calculated by dividing the change in 
concentration by the final concentration. This means the smaller the rejection rate, the 
 40 
better the filtration is working. For every filter except for the modified hydrophobic 
membrane the rejection rate increased from the start of filtration to the end of filtration as 
shown in Table 10 through Table 12. One possible reason for the anomaly seen in the 
modified hydrophobic membrane could be due to the accuracy of the spectrometer and 
the number of significant digits it provided. The filters for hydrophilic water were 
particularly effective, producing an absorbance to only the thousandth decimal place, 
while the machine can only effectively provide data to the accuracy of ±0.0005 assuming 
that there is no error in the curettes or contaminates in the ultrapure water.  
 From these measurements it is observed that although less water is traveling 
through the modified membrane compared to the non-modified one, as shown in section 
4.3 Ultrafiltration, the amount of contaminants has indeed decreased. This is proved by 
the fact that the rejection rate for the modified membrane in all three cases is less than the 
rejection rate for the non-modified membrane at both the start of filtration and the end of 
filtration. Less contaminants means clearer, cleaner water. 




Start of Filtration End of Filtration 
Prefiltration Permeate Prefiltration Permeate 
Absorbance 0.251 0.032 1.389 0.054 
Rejection (Abs.) 0.8725 0.9611 
Non-Modified 
Membrane 
Start of Filtration End of Filtration 
Prefiltration Permeate Prefiltration Permeate 
Absorbance 0.250 0.018 1.358 0.033 
Rejection (Abs.) 0.9280 0.9757 
 




Start of Filtration End of Filtration 
Prefiltration Permeate Prefiltration Permeate 
Absorbance 0.122 0.097 0.267 0.101 
Rejection (Abs.) 0.2049 0.6217 
Non-Modified 
Membrane 
Start of Filtration End of Filtration 
Prefiltration Permeate Prefiltration Permeate 
Absorbance 0.122 0.071 0.377 0.075 
Rejection (Abs.) 0.4180 0.8011 
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Start of Filtration End of Filtration 
Prefiltration Permeate Prefiltration Permeate 
Absorbance 0.008 0.006 0.008 0.007 
Rejection (Abs.) 0.2500 0.1250 
Non-Modified 
Membrane 
Start of Filtration End of Filtration 
Prefiltration Permeate Prefiltration Permeate 
Absorbance 0.009 0.005 0.019 0.007 
Rejection (Abs.) 0.4444 0.6316 
 
4.5 Electric Potential 
 The final measurement made was the electric potential of the modified 
membranes. Originally the experiment was set up to measure the potential at every step 
of the filtration process, much like in the measurement of the LP and the initial flux, 
however, during the trial run it was observed that the streaming potential remained 
relatively constant and unchanged throughout the process so it was unnecessary. 
Additionally, the membranes became weaker from constant subjection to chemical 
exposure, from the bromo-solution to the tris-solution. Once the membrane is weakened 
it is easy to tear or damage. Once that happens, the experiment has to run from the 
beginning, so it was safer to measure the potential once and at the end of the experiment. 
Though the fragility of the membrane when modified would be something to consider in 
future experiments and larger scale testing units to make sure it isn’t a serious issue.  
 The values for the streaming potential for the three membranes are shown in 
Table 13. It can be seen in the appendix that the values for the streaming potential are 
fairly accurate, as displayed by the r squared values all existing above 0.999. However, 
the voltage meter used for measuring the voltage drop across the filter was erratic and 
often gave strange values. The streaming potential was measured an average of six time 
for each membrane and typically the median value with the highest r squared value was 
selected as the zeta value.  
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 This report did not take into account the range of different zeta values, just the 
fact that the membrane was negative. Valuable future research could be done evaluating 
the effectiveness of the membrane at several difference charges to see if the magnitude of 
the charge plays an integral role. The difficulty with this is that the charge of the 
membrane is not a value that can be easily measured or controlled. For example, in this 
experiment, the conditions were the same for every negatively charged membrane, from 
the concentration of the bromo-solution to the relative adsorption time, and yet the zeta 
had a range of ± 1.5 mV. As for now it was assumed that any drastic variations between 
charges do not have a drastic effect on the data collected. The actual values of the 




5.0 Scale-Up Design and Cost Analysis 
 Now that the ultrafiltration system has been studied on a lab scale process, it is 
time to design a full scale system to understand the feasibility of implementing this 
technology. 
 Before designing a water treatment facility, the size of the facility and the amount 
of water to be treated must be considered. This system will be classified as a medium 
capacity design, which means that it will serve a range of population from 3,301 to 
10,000 [13]. An average annual rate of use in gallons per capita per day (gpcd) of 180 is 
commonly found in the United States with a variance of 150 to 210 gpcd [17]. The 
system will be designed to take on the maximum capacity which means 10,000 people at 
a rate of 210 gpcd. This leads to a design with a maximum daily flow of 2,100,000 
gallons. 
 First, a standard water treatment design will be considered. This system will 
consist of an initial screen, a rapid mix tank, coagulant additives, a flocculation basin, a 
sedimentation basin, rapid sand filters, disinfection additives, storage, and finally a pump 
to send it off to distribution. Please see Figure 1 from the beginning of this report  for a 
rough diagram of the design. Additionally, all facts about design size and type for the rest 
of this section will be provided by Introduction to Environmental Engineering [10] unless 
otherwise specified. 
 To start the process, assuming the screen cost will be assumed negligible, the first 
piece of equipment to design will be the rapid mix tank, which will be a vertical shaft 
mixer. The average rapid mix tank volume does not exceed 8 m3. The water treated will 
be the raw water studied in Shanghai. For details about the content within the water see 
Table 2 from earlier in this report. The rapid mix tank is assumed to have a predominant 
mechanism of sweep coagulation. This means that if jar tests were done on the amount of 
coagulant versus turbidity, the level of change would be relatively flat for higher doses, 
meaning minimal charge reversal. For this type of system, a velocity gradient, G, would 
range from 600 to 1,000 s-1. The velocity gradient is a standard value used for designing 
the size of a system and can also be defined by the equation below,  
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  (10) 
Where P is the power input in watts, V is the volume of the tank in m3, and μ is the 
dynamic viscosity of water in Pa·s. A value of 800 s-1 for G will be chosen as well as a 
volume of 8 m3. The mean annual temperature in Shanghai is 15.5 °C [28]. The 
temperature of the water will be assumed at 15 °C for the design of the system. This 
gives a dynamic viscosity of 1.15×10-3 Pa·s [35]. Given these values, the equation above 
can now be rearranged to solve for the power in watts of the system.  P = μVG2 (11) 
This results in an ideal power equivalent to 5.89 kW. Moreover, for a single impeller 
rapid mixing tank system, the efficiency is typically equal to 80 percent, giving actual 
power output of 7.36 kW.  
 Next, the coagulant dose will be discussed. For simplicity, sufficient alkalinity 
will be assumed to be present. This is important because alkalinity effects the pH of the 
system which effects the ability of the coagulant to perform. A pH within the range of 4 
to 9 is required for coagulation using sulfate salts, Fe2(SO4)3 · xH2O. Furthermore, it will 
be assumed that the hardness level of the water will not require adjustment. This 
assumption is reasonable and will not affect the system greatly because to adjust for 
hardness simply calls for more chemical additives which would be injected at the same 
time and location as the coagulant. Since there would be little to no additional equipment, 
the cost effects are negligible. As for the coagulant dose, it can range anywhere from 2 to 
20 mg/L on average. There is no effective method for determining the appropriate dosage 
without performing a series of jar testing as previously mentioned. For the purposes of 
this design, a dosage of 10 mg/L will be assumed. This equates to 37.85 mg/gallon or 
approximately 80 kg of sulfate salt daily for the design system. Compared to the 
equipment of the system, this chemical dosage is too minor to influence the capital cost. 
 Next, the flocculation basin needs to be designed. Based on Table 2, it appears 
that the Shanghai water system is a high turbid water system. For high turbidity the 
standard range of values  for the velocity gradient are from 30 to 80 s-1 and the velocity 
gradient times the detention time (G × td), from 36,000 to 96,000. A value of 66,000 for 
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G × td will be chosen. The standard detention time for the flocculation tank is dependent 
on the temperature. For a water with the temperature of 20 °C the detention time is 
typically 20 minutes. This value increases by 7 percent for water at a temperature of 15 
°C and by 15 percent for 10 °C. As previously determined, the average annual water 
temperature for the Shanghai system is 15 °C. This means that the detention time of the 
flocculation tank will be equal to 21.4 minutes. Given this time and the assumed 66,000 
value, the velocity gradient will be equal to 51.4 s-1 for the system. This value falls within 
the 30 to 80 range, so the tank will be operating under normal conditions. Given this 
information, the volume of the tank can be calculated.   V = Q × td (12) 
The volumetric flow of the water through the system (Q) is 2,100,000 gallons per day and 
the detention time of the tank is 21.4 minutes. This gives a volume of approximately 120 
m3. The power output of the tank can again be solved by equation discussed earlier. The 
ideal power for the flocculation basin is 365 Watts while the actual power, assuming 80 
percent efficiency, is 456 watts. 
 Next is the design for the sedimentation tank. This system calls for a type II 
sedimentation tank due to the coagulation design. The detention time of these type of 
tanks ranges from 2 to 8 hours. A detention time of 5 hours will be chosen for this 
system. This gives a volume of 1660 m3.  
 A rapid sand filter system is to be designed to follow after the sedimentation tank. 
This type of filtration system commonly has a loading rate of 120 m3/d·m2. With this 
loading rate, the rapid sand filter cross sectional area can be calculated. It comes out to a 
value of 66.2 m2. Generally, a depth of 1.8 to 3 meters above the sand is required for a 
buffer zone while the sand depth ranges between 0.5 and 0.75 meters. A total depth of 3 
meters will cover an approximate average of both of these requirements. This gives the 
tank for the sand filtration a volume of nearly 200 m3. Additionally, it is important to note 
that a minimum of at least two sand filters is required to ensure redundancy. 
 The last step in the process is disinfection. For this design, the most economical 
solution, chlorine disinfection, will be chosen. The appropriate dose of chlorine typically 
ranges between 1 to 3 mg/L and a value of 2 mg/L or 4.2 kg /day will be assumed. 
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Finally, to end the process, a storage tank and a pump should be added on before the 
water is sent through the distribution pipes. The storage tank will be designed to hold half 
a day’s worth of water generation which is about 4,000 m3 and the pump must be able to 
handle a large range of discharge rates. 
 Now that all of the relative sizes have been determined they can be entered into a 
cost analysis program called CAPCOST [33]. From this the results in Table 14 below 
were generated. 
Table 14: Cost Analysis for Generic Water Treatment Design 
Unit Details Total Cost 
Rapid Mix Tank Structure, 8 m3 $35,000 
  Drive, 8 kW $46,500 
Flocculation Structure, 120 m3 $35,000 
  Drive, 0.5 kW $49,100 
Sedimentation Structure, 1660 m3 $129,000 
Rapid Sand Filter 
(x2) Structure, 200 m3 $110,800 
Storage Tank Structure, 4000 m3 $217,000 
Pump (x2) Reciprocating $27,400 
TOTAL COST $649,800 
 
 Next, the ultrafiltration membrane water treatment facility can be designed. This 
system has the opportunity to replace sedimentation, coagulation, and flocculation. The 
system design will have a screen, rapid sand filter, ultrafiltration system, and then 
disinfection and storage. All parts were designed in the previous design, except for the 
ultrafiltration membrane system itself. From a text book, the cost value estimates for 
ultrafiltration units for different sizes were provided [6].  These values are summarized in 
Table 15 below. 
Table 15: Ultrafiltration Costs Based on Size 
Description HOUSING TYPE 1-Long 2-Long 3-Long 4-Long 
Total Cost ($) 20,400 19,250 19,450 23,950 
Total Flow (gpm) 2,400 1,500 1,200 1,200 
Inlet Pressure (psi) 100 100 100 100 
Pump Power (hp) 280 175 140 140 
 47 
 
 The assigned flowrate to the preliminary design for this paper is 2,100,000 gallons 
per day which equates to approximately 1,460 gallons per minutes. With this assigned 
flowrate, the ultrafiltration system to be chosen would ideally be of the 2-Long Housing 
Type shown in Table 15. This generates a total membrane cost of $19,250. On top of that 
cost there will be the addition of another pump (and backup pump) to the system. The 
cost of the membrane water treatment facility is presented below in Table 16. 
Table 16: Cost Analysis for Membrane Water Treatment Design 
Unit Details Total Cost 
Rapid Sand Filter (x2) Structure, 200 m3 $110,800 
Ultrafiltration Membrane Structure $19,250 
Pump (x2) Reciprocating $27,400 
Storage Tank Structure, 4000 m3 $217,000 
Pump (x2) Reciprocating $27,400 
TOTAL COST $401,850 
 
 The new design for this treatment facility that does not include the traditional 
processes of sedimentation, flocculation, and coagulation suddenly makes ultrafiltration 
more competitive in the design market. However, these prices are just rough estimates 
generated by a computer program and hand calculations. A more accurate representation 
of costs can be seen through various case studies, which will be presented next.  
Table 17:  Cost Analysis for Generic Water Treatment Design, Case Study 
Description Total Cost/Item 
Total Cost 
($ per gal/day) 
Powder Activated Carbon System $7,632,141  $0.19  
Ballasted Flocculation-Clarification System $7,152,872  $0.18  
Filter System  $6,311,889  $0.16  
Finished Water Storage Tanks & High Service Pump Station  $36,542,040  $0.91  
Disinfection System & High Service Pump Station  $5,877,834  $0.15  
Chemical Supply Systems  $587,783  $0.01  
Process Yard Piping $6,149,118  $0.15  
Site Electrical, Controls and Instrumentation  $9,223,678  $0.23  
TOTAL $79,477,355  $1.99  
 
 Two different facilities were observed. Both systems managed to incorporate 
different costs that were not considered here. Only the cost of the equipment and 
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installation was considered. All other costs such as maintenance were considered to be 
relatively the same. The first system is a large scale facility that is designed to treat a flow 
of 40 million gallons a day [29]. This system is a standard facility design similar to the 
one summarized in Table 14 of this section. It contains processes such as flocculation, 
coagulation, sedimentation, and disinfection. Relevant costs are scaled down and 
normalized to a dollar per gallon per day basis are summarize in Table 17. 
 The next system was a smaller system that contained a series of ultrafiltration 
membranes to treat a flow of 20 m3/hr or 126,800 gallons per day [12]. This system is 
summarized in Table 18 below. 
Table 18: Cost Analysis for Membrane Water Treatment Design, Case Study 
Description Total Cost/Item 
Total Cost 
($ per gal/day) 
UF Modules (40 total, at $1,000 each) $40,000 $0.32 
Membrane Elements (40 total, at $500 each) $20,000 $0.16 
Diaphragm and Parts $1,700 $0.01 
Cartridge Filter $3,000 $0.02 
Pump for the transfer of pretreated water $5,500 $0.04 
Air Compressor $5,875 $0.05 
Tank of Pretreated Water $4,000 $0.03 
Tank for the storage of treated water $6,700 $0.05 
Tank of the concentrate solution $4,000 $0.03 
UF Feed Pump $3,000 $0.02 
Pump for the transfer of concentrate solution $3,650 $0.03 
Cleaning Material $6,825 $0.05 
Pipes and Accessories $20,850 $0.16 
Regulation Apparatus $15,640 $0.12 
Measurement and Control Apparatus  $7,300 $0.06 
Electric and Power Installation $17,720 $0.14 
Electric Command Installation $5,200 $0.04 
Transportation of the main materials $3,130 $0.02 
Civil Infrastructure and Engineering $70,000 $0.55 
Spare Parts $5,210 $0.04 
TOTAL $249,300 $1.97 
 
 The results of the two case studies reveal that the two systems are still competitive 
in price and if an ultrafiltration system can be designed to be more efficient than 
processes such as sedimentation, coagulation, and filtration, are not required, then 
ultrafiltration is a viable design tool.  
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6.0 Conclusion 
 The objective of this study was to investigate the effects of NOM hydrophobic 
and hydrophilic properties and the effects of fouling a modified membrane compared to 
that of a non-modified one. This was accomplished through the measurement of the 
membrane’s hydraulic permeability, initial flux, rejection rate, and flux during 
ultrafiltration. 
 The hydraulic permeability, LP, and the initial flux were measured to compare 
how various steps effect membrane functions. Besides showing how the system functions 
in each step of the process, the results also provide a comparison of stability within the 
system between the modified membrane and the non-modified membrane. It was 
discovered there that the LP is more sensitive to changes in the non-modified membrane 
and the data was more inconsistent. This means that a modified membrane provides more 
stability to the filtration process as a whole and also within the individual process steps. 
The rejection rate measures the membranes ability to purify the fluid solutions. 
From these measurements it was observed that the modified membrane removes more 
constituents than the non-modified one. In fact, the rejection rate for the modified 
membrane in all three cases is less than the rejection rate for the non-modified membrane 
at both the start of filtration and the end of filtration. This equates to cleaner water. 
Conclusions about the rate of fluid flow through the system can be drawn from 
the measurements of the flux during ultrafiltration. In fact, the modified membrane did 
not effectively improve the flux of filtration compared to that of the non-modified 
membrane in all three cases. Instead the flux either remained basically unchanged, as in 
the case of hydrophilic water, or the system substantially worsened, as in the case of 
hydrophobic water. On top of the lab scale data collection, a cost analysis was presented. 
From this analysis it was determined that as long as an ultrafiltration unit has a 
reasonable enough efficiency, it can replace such systems as coagulation, flocculation, 
and sedimentation. This in turn equates to a comparable capital cost to that of a 
traditional water treatment facility design. 
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8.1 Appendix Part A  
The World Health Organization Drinking Water Standards are shown in the following pages, 












8.2 Appendix Part B 
Report data used for the experiment can be found in this section and consist of 23 pages broken 
up in the following way: 
Table of Contents  
 
Ultrafiltration ...................................................................................................................................... 1 
Raw Water ................................................................................................................................................. 1 
Modified Raw Water ................................................................................................................................. 2 
Hydrophobic Water ................................................................................................................................... 3 
Modified Hydrophobic Water ................................................................................................................... 4 
Hydrophilic Water ..................................................................................................................................... 5 
Modified Hydrophilic Water ..................................................................................................................... 6 
Non-Modified vs. Modified Comparison Graphs ...................................................................................... 7 
LP Measurement .................................................................................................................................. 8 
Raw Water ................................................................................................................................................. 8 
Modified Raw Water ............................................................................................................................... 10 
Hydrophobic Water ................................................................................................................................. 12 
Modified Hydrophobic Water ................................................................................................................. 14 
Hydrophilic Water ................................................................................................................................... 16 
Modified Hydrophilic Water ................................................................................................................... 18 
All Values Comparison Table ................................................................................................................... 20 
Flux Measurement ............................................................................................................................. 21 
Streaming Potential Charge ............................................................................................................... 22 




























8.3 Appendix Part C 
Trial data measured for the experimental procedure for non-modified membranes can be found in 
this section and consist of 10 pages broken up in the following way: 
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8.4 Appendix Part D 
Trial data measured for the experimental procedure for modified membranes can be found in this 
section and consist of 17 pages broken up in the following way: 
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